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The  regeneration  heat  for a polyethyleneimine  (PEI)/silica  adsorbent  based  carbon  capture  system  is
ﬁrst assessed  in order  to evaluate  its effect  on  the  efﬁciency  penalty  of  a coal  or natural  gas  power
plant.  Process  simulations  are  then  carried  out on  the  net plant  efﬁciencies  for  a  speciﬁc  supercritical
550  MWe  pulverized  coal  (PC)  and  a 555  MWe  natural  gas  combined  cycle (NGCC)  power plant  integrated
with  a  conceptually  designed  capture  system  using  ﬂuidized  beds  and  PEI/silica  adsorbent.  A  benchmark
system  applying  an  advanced  MEA  absorption  technology  in  a NETL  report  (2010)  is used  as  a  reference
system.  Using  the  conservatively  estimated  parameters,  the  net  plant  efﬁciency  of  the  PC and  NGCC  power
plant  with  the proposed  capture  system  is  found  to be 1.5%  and 0.6%  point  higher  than  the  reference  PCrocess simulation
EI/silica
lant efﬁciency
and  NGCC  systems,  respectively.  Sensitivity  analysis  has  revealed  that  the  moisture  adsorption,  working
capacity  and  heat  recovery  strategies  are  the  most  inﬂuential  parameters  to  the  power  plant  efﬁciency.
Under  an optimal  scenario  with  improvements  in  increasing  the  working  capacity  by  2%  points  and
decreasing  moisture  adsorption  by 1% point,  the  plant  efﬁciencies  with  the  proposed  capture  system  are
2.7% (PC)  and  1.9%  (NGCC)  points  higher  than  the  reference  systems.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license. Introduction
CO2 capture and storage (CCS) from large point anthropogenic
O2 emission sources, such as coal and natural gas ﬁred power
lants, has been well recognized to be one of the most effective
nd near-term measures to mitigate the increasing atmospheric
O2 level. Deployment of the CCS technologies can potentially bring
pproximately 20% reduction in the overall global greenhouse gas
missions by 2040 in IEA’s 450 Scenario (IEA, 2015; EBTP, 2012).
ost-combustion capture is one of the front runners of CO2 capture
echnologies for future commercial applications in fossil fuel powerPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
lants, partly due to the fact that it can be easily retroﬁtted to the
xisting power plants.
∗ Corresponding author.
E-mail address: liu.hao@nottingham.ac.uk (H. Liu).
ttp://dx.doi.org/10.1016/j.ijggc.2016.12.003
750-5836/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
The overall energy required to operate a CCS system is the sum
of the thermal energy needed to regenerate the solvents/sorbents
and the electrical energy needed to operate pumps, gas blowers
or fans. Energy is also required to compress the recovered CO2
to the ﬁnal pressure for transportation and storage. These extra
energy requirements, together with the capital investments of the
equipment will induce a signiﬁcant increase in the cost of elec-
tricity (COE), by 70–100% with existing CCS technologies such as
aqueous monoethanolamine (MEA) scrubbing (Haszeldine, 2009;
NETL, 2010; Mondal et al., 2012; EPA, 2016). A recent analysis on
retroﬁtting CCS to existing coal-ﬁred power plants has shown that
CCS implementation was not economically favourable for those
plants with efﬁciencies less than 35% (low heating value (LHV)
based, mainly subcritical) (IEA, 2011, 2015). Although natural gas
plays an important role in the power generation sector, the CO2ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
capture cost of a natural gas ﬁred power plant is higher than that
of a coal ﬁred power plant (Middleton and Eccles, 2013). The over-
all costs associated with a CCS system with post-combustion CO2
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Characteristics and regeneration heat of PEI/silica adsorbent.
Real density (kg/m3) 1400
Bulk density (kg/m3) 700
Diameter (m) 250
Speciﬁc heat Cp,s (kJ/kg K) 1.81
Heat of adsorption Ha (kJ/kgCO2) 2160 (PC), 2000 (NGCC)
Temperature difference T(K) 60
Working capacity qw (wt%) 6 (PC), 5 (NGCC)
Moisture adsorption fH2O (wt%) 2
Recovery ratio ˛ 0.75
Recovery ratio  ˇ 0.25ARTICLEJGGC-2085; No. of Pages 14
 W.  Zhang et al. / International Journal o
apture mainly include capital cost, operating cost, sorbent replace-
ent and employee cost, where capital and operating costs are two
ajor contributors. Recently, the techno-economic performance of
he MEA-based CO2 capture process has been evaluated by sev-
ral researchers using different methodologies (Abu-Zahra et al.,
007; Rubin et al., 2013; Raksajati et al., 2013; Zhao et al., 2013a;
anzolini et al., 2015; Li et al., 2016). Abu-Zahra et al. (2007)
stimated that the capital expenditure was around 28% while the
perational cost relevant to regeneration heat was around 44%,
xcluding compression cost. As an example in a techno-economic
nalysis (Li et al., 2016), the speciﬁc capital investment of the
ost-combustion capture (PCC) plant using the MEA-based process
ith a 650 MWe  PC power plant was estimated to be 2013 USD
357/kWe, while the CO2 avoided cost for this process was 2013
SD 86.4/tCO2. By combining several process improvements, the
ptimized process has the potential to reduce the capital cost to
013 USD1285/kW and the CO2 avoided cost to 2013 USD 75.1/tCO2
Li et al., 2016).
Over the past years, the chemical absorption has been sub-
tantially improved with the development of novel solvents and
dvanced process designs such as ﬂow sheet modiﬁcations (Cousins
t al., 2011; IEA 2011, 2015; Han et al., 2011; Mondal et al., 2012).
Efﬁciency penalty” is generally regarded as an index for evalu-
ting the difference in power plant efﬁciency between the plant
ithout CCS and that integrated with CCS. The efﬁciency penalty
f a coal or natural gas-ﬁred power plant with chemical absorption
echnology has been investigated by numerous researchers using
ommercially available software packages such as Spence
®
and
spen
®
(Strube and Manfrida, 2011; Dave et al., 2011; Khalilpour
nd Abbas, 2011; Berstad et al., 2011; Sanpasertparnich et al.,
010; Stover et al., 2011; Ystad et al., 2012; Liebenthal et al., 2011;
mrollahi et al., 2012; Li et al., 2016).
Solid adsorbents have been comprehensively investigated for
ost-combustion CO2 capture owing to their potentials in fast
dsorption and desorption kinetics, high adsorption capacity, reli-
ble regenerability and stability and tuneable range of operating
onditions. Reviews on the recent development of solid adsorbents
or post-combustion CO2 capture can be found in Samanta et al.
2012), Hedin et al. (2013), Wang et al. (2011, 2014) and Abanades
t al. (2015). Among all solid adsorbents, amine-based adsorbents
re regarded as the most advanced and cost-effective materials
Belmabkhout and Sayari, 2009; Drage et al., 2008; Choi et al., 2009;
on et al., 2008; Gray et al., 2009; Ebner et al., 2011; Dutcher et al.,
015). Despite of numerous investigations on material develop-
ent, however, only a few studies have focused on the process
ssessment for solid adsorbent based CCS systems to be integrated
nto coal or natural gas ﬁred power plants (Chaffee et al., 2007;
eneman et al., 2013; Glier and Rubin, 2013; Kim et al., 2014a; Kim
t al., 2014b), while most of them were conducted using theoretical
odels.
Process simulation of a coal or natural gas ﬁred power plant inte-
rated with a CCS system requires comprehensive knowledge of
any parameters associated with the fuel properties, physical and
dsorption data of the selected adsorbent, ﬂue gas composition and
onditions, as well as the speciﬁc process design details of adsor-
ers and regenerators. The authors of this paper had demonstrated
he performance of a polyethyleneimine (PEI)/silica adsorbent in a
uidized bed reactor and also proposed a conceptual design of ﬂu-
dized bed adsorber/desorber for air capture purpose (Zhang et al.,
014a,b). In the present study, the previously obtained data have
een incorporated into the process simulations for a coal and a
atural gas ﬁred power plant integrated with CCS systems usingPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
he PEI/silica adsorbent. Fluidized bed adsorbers and desorbers are
esigned conceptually according to the speciﬁc ﬂue gas conditions.
fﬁciency penalties have been evaluated and compared with the
eference benchmark CCS system using an advanced MEA  absorp-Recovery ratio  0.5
Regeneration heat Qr (GJ/tCO2) 2.45 (PC), 2.50 (NGCC)
tion technology (NETL, 2010) and another solid sorbent based CCS
system (Veneman et al., 2013). It is worth noting that most of the
parameters adopted in the process simulation of this study are
based on the experimental results obtained with a bubbling ﬂu-
idized bed CO2 adsorber/desorber, thermal gravimetric analyzer
(TGA) and differential scanning calorimetry (DSC) (Zhang et al.,
2014a,b, 2016) and therefore the uncertainties with the process
simulation parameters for the speciﬁc PEI/silica adsorbent used in
this study are minimized.
2. Thermal energy requirement for regeneration
The regeneration heat is usually regarded as the most important
criteria to evaluate different materials and processes and to assess
their respective performance for applications in commercial-scale
CO2 capture systems. Reducing the required regeneration heat is
the most effective measure to minimize the loss in net plant efﬁ-
ciency. According to Goto et al. (2013), an approximate 2% efﬁciency
improvement can be expected by reducing the regeneration energy
of the capture system by 1 GJ/tCO2.
In principle, the regeneration heat comprises ﬁrstly the sensi-
ble heat which is necessary to increase the solvent/sorbent from the
adsorption temperature to the regeneration temperature in a typi-
cal temperature swing adsorption (TSA) process; secondly the heat
of adsorption which is needed to overcome the chemical bonding
strength between the adsorbed CO2 and the adsorbent; and thirdly
the latent heat which is required to evaporate the water content
in the solvent or sorbent. The calculation of regeneration heat can
then be expressed as (Zhang et al., 2016):
Qr = 1  − ˛qw Cp,s (Tde − Tad) +
(
1 − ˇ
)
Ha + (1 − )
QvfH2O
qw
(1)
where Qr (GJ/tCO2) is the regeneration heat requirement, qw (wt%)
is the working capacity of the solvent/sorbent under given work-
ing conditions; ˛, ˇ,  are the fractions of heat recovered from
sensible heat, heat of adsorption and vaporization heat, respec-
tively, which can be realized through proper process designs; Cp,s
(kJ/kg K) is the speciﬁc heat capacity of the solvent/sorbent; Tad
and Tde (K) are the temperatures of adsorption and desorption pro-
cesses respectively; Ha (kJ/kgCO2) is the absolute value of heat
of adsorption; Qv (kJ/kg) is the vaporization heat of water which
equals to 2257.6 kJ/kg under ambient pressure; and fH2O (wt%) is the
mass fraction of water content that is evaporated in the regenerator.
The solid adsorbent used in this study was synthesised by
impregnating a mass ratio of 40% PEI into an inorganic mesoporous
silica support (Drage et al., 2008). The PEI has a molecular weight
(MW)  of 1800 in hyperbranched forms supplied by Sigma–Aldrich,
UK. Characterization of the PEI/silica adsorbent by TGA, NMR,ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
DRIFT, XPS and ﬂuidized bed can be found in previous publications
(Drage et al., 2008; Zhang et al., 2014a,b). Detailed parametric anal-
ysis on all the parameters in Eq. (1) can be found in Zhang et al.
(2016) and the main results are summarized in Table 1.
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The DSC testing results have shown that the value of heat of
dsorption is dependent on the CO2 partial pressure in the ﬂue gas
Zhang et al., 2016). The heat of adsorption for the PC case (15% CO2)
s 2160 kJ/kgCO2 which is slightly higher than the NGCC case (5%
O2) of 2000 kJ/kgCO2. The process dependant working capacity is
ifferent from the equilibrium capacity which can be determined
y TGA, ﬁxed bed or batch-type ﬂuidized bed tests under isother-
al  conditions. In a practical regeneration process, pure CO2 or
ure steam or a mixture of CO2 and steam will have to be used as
he sweep gas in order to get high purity product gas of CO2. How-
ver this may  cause an incomplete desorption comparing with most
GA, ﬁxed bed and batch-type ﬂuidized bed tests using pure N2 as
he sweep gas. Secondly, the solid residence time in practical adsor-
er and desorber reactors is much shorter than the time taken to
each the equilibrium condition. Therefore breakthrough capacity
hould be used as the working capacity. Finally, the circulating solid
dsorbent particles are most likely partially degraded after many
ycles even with a constant replacement rate. Based on the above
onsiderations, the working capacities in this study are adopted as
 wt% for the PC case and 5 wt% for the NGCC case, which are both
ubstantially lower than the equilibrium capacities demonstrated
n previous TGA and cyclic batch-type ﬂuidized bed tests (Zhang
t al., 2014b). The moisture adsorption of 2wt% was  experimentally
etermined for the PEI/silica adsorbent in a modiﬁed TGA system
hich can generate a certain level of moisture with the carrier gas.
he adsorption capacity of the moisture was obtained in the pre-
aturation test of moisture followed by the co-adsorption of both
O2 and moisture at the adsorption temperature of 70 ◦C. Details
f the experimental procedures and results can be found in Zhang
t al. (2016).
By substituting the parameters listed in Table 1 into Eq. (1),
ne can calculate the regeneration heats to be 2.45 GJ/tCO2 for the
C case and 2.50 GJ/tCO2 for the NGCC case. For comparison, the
egeneration heat for a typical aqueous 30% MEA  CO2 capture sys-
em is around 3.90 GJ/tCO2 (Chapel et al., 1999; Alie et al., 2005;
ingh et al., 2003; Sjostrom and Krutka, 2010), whereas for the
dvanced MEA  system with the optimized process conﬁgurations,
he regeneration heat is about 3.30 GJ/tCO2 (IEA, 2011; Abu-Zahra
t al., 2007; Veneman et al., 2013). It should be noted that the
egeneration heat calculated by Eq. (1) is purely on the basis of
hermodynamic energy balance using the nominated parameters in
able 1 without considering any speciﬁc process and devices. Due
o the lack of literature data, the largest uncertainties come from
he adopted heat recovery ratios. For simplicity, these ratios were
epresented as the effective reductions in the required regeneration
eat (Zhang et al., 2016).
. Conceptual design of CO2 capture systems for PC and
GCC power plants
.1. Process description
One of the main advantages of post-combustion carbon capture
s that the capture plant is dealing with the ﬂue gas so that the CCS
ystem can be retroﬁtted to existing power plants without signiﬁ-
ant modiﬁcations to the current conﬁgurations. The capture plant
an be located at the end of process chain, normally between the
ue gas treatment devices and the stack. We  assume here that the
oncentrations of contaminants (e.g. NOx, SO2) after the existing
ue gas treatment facilities such as selective catalytic reductionPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
SCR), particle matter remover and ﬂue gas desulphurization (FGD)
an also meet the requirements of the adsorbent and process in a
arbon capture plant so that no additional ﬂue gas polishing mea-
ures are needed. PRESS
nhouse Gas Control xxx (2016) xxx–xxx 3
Fig. 1 illustrates the block ﬂow diagram (BFD) of the conceptual
ﬂow sheet of a typical 550 MWe  supercritical PC ﬁred power plant
integrated with a solid adsorbent based CCS system (adapted from
NETL, 2010). After the ﬂue gas passes FGD where SO2 removal is
carried out, it is directed into the CCS system instead of entering the
stack directly as for the case of a power plant without CO2 capture.
Each unit of the CCS system consists of an adsorber where CO2
in the ﬂue gas is adsorbed by the solid adsorbent together with
a desorber where the adsorbent is regenerated under controlled
conditions. The cyclone is used to capture the entrained adsorbent
from the adsorber while the CO2 free ﬂue gas exits from the top of
the cyclone and is released to the atmosphere through the stack.
The high purity CO2 product gas from the exit of the desorber is
compressed and sent to storage.
The regeneration heat required can be provided by steam con-
densation via an in-bed heat exchanger (HX). One  option for the
steam supply is to integrate the original plant steam and feed water
cycle with the capture plant by extracting the superheated steam
from the low pressure (LP) crossover pipe. After heat exchange
in the desorber, the steam is condensed as feed water and then
returned to the main feed water system. Due to the extraction
of steam from the LP turbine, the actual gross power output has
been reduced, leading to lower plant efﬁciency. Using a dedicated
boiler to provide steam to the capture plant is another option which
requires minimal changes to the original power plant. In this case,
the ﬂue gas generated by the dedicated boiler containing CO2 will
have to be re-directed to the capture plant if a high overall CO2
capture ratio (e.g. 90%) is to be maintained. The overall plant efﬁ-
ciency with this option is however lower than that of the plant
with steam extraction as the extra thermal energy input to the
dedicated boiler does not generate any power (Popa et al., 2011;
Bashadi, 2010). Therefore, the option with steam extraction from
LP turbine is adopted in this study.
The conﬁguration of the CCS system integrated with a NGCC
power plant for post-combustion capture is similar to that of a coal-
ﬁred power plant with the CCS system. Fig. 2 illustrates the block
ﬂow diagram of a typical 555 MWe  NGCC power plant retroﬁtted
with a solid adsorbent based CCS system (adapted from NETL,
2010). The ﬂue gas exits from the heat recovery steam generator
(HRSG) and enters the CCS system where CO2 is captured and the
adsorbent is regenerated. Depending on the working temperature
of the selected adsorbent, additional cooling may be required for
the ﬂue gas before entering the CCS system but this is not included
in the process simulation of this study.
3.2. Conceptual design of ﬂuidized beds for CO2 capture
Proﬁcient solid handling and particle technologies are essen-
tial to circulate the solid adsorbent particles at a certain rate in a
closed loop. The type of gas-solid contactor has considerable impor-
tance in determining the overall working performance of a speciﬁc
solid adsorbent. Fluidized beds have been widely used in different
industrial applications, mainly due to their high gas-solid contact
efﬁciency and high mass/heat transfer rates. Recently, the applica-
tion of ﬂuidized bed reactors as the adsorber or regenerator for CO2
capture with solid adsorbents has also received noticeable atten-
tion. Yang and Hoffman (2009) had proposed a moving bed as a
regenerator but ﬁnally concluded that the moving bed was not
promising due to poor heat transfer. ADA environmental solutions
had made a survey on four main processes including entrained ﬂow,
moving bed, trickle down reactor and ﬂuidized bed and concluded
that the ﬂuidized bed was the most reliable and cost-effective reac-ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
tor option for the solid sorbent based CCS system (ADA, 2010).
Continuous CO2 capture was recently demonstrated by using sil-
ica supported sorbents impregnated with tetraethylenepentamine
(TEPA) in a lab scale ﬂuidized bed to produce a high purity (90%) of
ARTICLE IN PRESSG ModelIJGGC-2085; No. of Pages 14
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Fig. 1. Block Flow Diagram of a PC power plant with CO2 capture.
Source: adapted from NETL (2010).
 NGCC
S
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b
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b
eFig. 2. Block Flow Diagram of a
ource: adapted from NETL (2010).
O2 product gas (Veneman et al., 2012). By use of theoretical analy-
is, Pirngruber et al. (2013) found that the performance of both ﬁxedPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
ed and ﬂuidized bed processes improved when operated under
sothermal conditions which are more difﬁcult to achieve for a ﬁxed
ed as the heat transfer is much slower than in a ﬂuidized bed. Kim
t al. (2014b) proposed a solid sorbent-based multi-stage ﬂuidized power plant with CO2 capture.
bed process with inter-stage heat integration and used a ﬂow-sheet
simulation to assess the energy efﬁciency of the system. The fea-ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
sibility of using a three-staged circulating ﬂuidized bed as the CO2
adsorber and a single bubbling ﬂuidized bed as the regenerator is
being demonstrated on a 1 MWe  solid sorbent PCC pilot facility at a
coal ﬁred power plant in Birmingham, USA which was constructed
 IN PRESSG ModelI
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Table 2
Flue gas properties.
PC (exit of FGD) NGCC (exit of HRSG)
Compositions
Carbon dioxide (Vol%) 13.8 4.1
Moisture (Vol%) 7.5 7.9
Oxygen (Vol%) 3.6 12.1
Nitrogen (Vol%) 75.1 75.9
Temperature (K) 330 379
Pressure 1.02 1.02ARTICLEJGGC-2085; No. of Pages 14
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nd commissioned in 2013 (Sjostrom et al., 2011; Starns et al., 2012;
rutka et al., 2013).
Therefore, ﬂuidized bed technologies are adopted in the pro-
osed conceptual design with details illustrated in Fig. 3. Each unit
f the CCS system consists of a circulating ﬂuidized bed (CFB) serv-
ng as the CO2 adsorber coupled with a bubbling ﬂuidized bed (BFB)
erving as the adsorbent regenerator, together with other auxiliary
quipment including cyclone, loop seal and heat exchangers. This
ntegrated and compact system enables the adsorbent to be con-
inuously circulated in a closed loop. The CO2 in the ﬂue gas exiting
rom FGD (for the PC case) or from HRSG (for the NGCC case) is fed
nto the CFB adsorber where the solid phase and the gas phase mix
nd react with each other. Some of the solid adsorbent particles
re entrained with the ﬂue gas at a constant circulating rate after
 period of solid residence time in the CFB adsorber which should
e sufﬁcient to achieve the designed capture efﬁciency (90% in this
tudy). As the CO2 adsorption is an exothermic process, cooling
ater is required to maintain the CFB temperature to the optimal
orking condition. The released heat in the CFB adsorber can also
e recovered by this way. The adsorbent carried over by the ﬂue gas
s captured by an efﬁcient gas-solid separator such as a cyclone and
irected into a BFB reactor where the adsorbent is regenerated at an
levated temperature according to a TSA regeneration strategy. The
egenerated adsorbent is subsequently directed into the loop seal
here it is cooled down to the adsorption temperature in the CFB
dsorber. To improve the thermal efﬁciency of the whole system,
he sensible heat contained in the hot adsorbent has to be recov-
red by heating the cooling medium (such as water) in the loop seal
nd circulating the medium to another heat exchanger to preheat
he cold adsorbent before entering the BFB desorber. This sensible
eat recovery strategy (with the ratio ) can effectively reduce the
hermal energy required for regeneration in the desorber.
Despite of the recent research efforts, there are still notable
ncertainties regarding the composition of sweep gas used for
egeneration of amine-based solid adsorbents. Using pure CO2 as
he sweep gas can yield high purity CO2 product gas but at the
isk of serious thermal and CO2 induced degradation and much
ower working capacity (Drage et al., 2008; Serna-Guerrero et al.,
010; Veneman et al., 2012; Hoffman et al., 2014). Using pure steam
an alleviate these problems (Gray et al., 2009; Li et al., 2010a)
owever at the cost of additional thermal energy penalty and addi-
ional water/steam treatment facilities. Long periods of exposure
o the steam may  also reduce the performance of amine-based
dsorbents as steam is likely to extract the lower molecular weight
EI oligomers, as observed recently (Li et al., 2010b; Hammache
t al., 2013; Hoffman et al., 2014). While the regeneration strategy
egarding the usage of different sweep gases needs further investi-
ation, we are proposing a mixture of 75% CO2 and 25% steam to be
sed as the sweep gas in this study. The 75% CO2 in the sweep gas
s provided by recirculating a portion of the product CO2 from the
xit of BFB desorber and the 25% steam comes from the extracted
team from the LP turbine. The main portion of this extracted steam
s cooled down to the saturated condition by mixing condensate
ater and fed into the heat exchanger in the BFB desorber to pro-
ide regeneration heat. The condensate water can then be used as
reheated feed water and is returned to the main feed water sys-
em. The sweep gas, together with the steam evaporated from the
oisture content in the adsorbent, can be directed into the upper
eat exchanger (Upper HX in Fig. 3) under the cyclone where heat
ecovery (with the ratio of ) of the latent heat of steam can be
ealized by condensing the steam. The high purity CO2 product gas
rom the exit of the heat exchanger is separated and compressedPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
o the required pressure for transportation. The heat of adsorption,
hich is released in the CFB adsorber, is much more difﬁcult to
ecover due to its nature of low grade heat. With the proposed CCS
ystem, the temperature of the cooling water at the exit of the heatFlue gas mass ﬂow rate (t/h) 2288 3154
CO2 mass ﬂow rate (t/h) 467.1 201.8
exchanger in the CFB adsorber cannot exceed the adsorption tem-
perature; therefore, it cannot be used to preheat the adsorbent. One
strategy to recover the heat of adsorption (with ratio of ) is to inte-
grate the cooling water into the feed water system thus resulting
in a reduction in the overall thermal heat input of the power plant,
and this is adopted in the process simulation of this study.
3.3. Determination of conceptual design data
The properties of the selected solid adsorbent have been sum-
marised in Table 1. In order to compare with the reference carbon
capture system using aqueous MEA  based Fluor Econamine FG Plus
technology (Reddy et al., 2008) in the NETL report (2010), the same
fuel properties (Illinois No. 6 bituminous coal for the PC case and
natural gas for the NGCC case) are adopted in the present process
simulations with the details shown in NETL (2010). The composi-
tions of the ﬂue gas from the typical 550 MWe  PC and 555 MWe
NGCC power plants are listed in Table 2. The ﬂue gas from the PC
power plant has a much higher CO2 concentration at 13.8% com-
paring with 4.1% for the NGCC case. Another notable difference is
that the ﬂue gas from the NGCC power plant has a much higher O2
concentration (12.1%) than that of the PC ﬂue gas (3.6%). The high
O2 level in the ﬂue gas may  cause greater oxidative degradation
problems for the amine based adsorbents. However, it had been
demonstrated on the bubbling ﬂuidized bed that the degradation
of the PEI/silica adsorbent could be largely prevented with 8.8%
of moisture present in the simulated ﬂue gas and in the sweep gas
during desorption (Zhang et al., 2014b). The temperature of the ﬂue
gas from the PC power plants is 330 K. It is slightly lower than the
optimal adsorption temperature of 343 K for the selected PEI/silica
adsorbent as determined previously in TGA tests and further veri-
ﬁed in BFB tests (Zhang et al., 2014b). As the adsorption itself is an
exothermal process, preheating of the ﬂue gas is not considered to
be necessary as cooling is needed to regulate the adsorber temper-
ature to be around the optimal value. Whereas, the temperature of
the ﬂue gas from the NGCC power plants is still as high as 379 K
and therefore further cooling is needed before the ﬂue gas enters
the CO2 capture system. The energy associated with the operation
of NGCC ﬂue gas cooling is however not included in the present
process simulation. The ﬂow rate of the ﬂue gas of the NGCC plant
is higher than that of the PC plant although the actual CO2 ﬂow
rate is much lower than that of the PC plant. The ﬂow rate of the
ﬂue gas determines the dimensions of the CFB adsorber at a given
ﬂuidization velocity.
The conceptual design data of the CFB adsorbers and BFB des-
orbers for CO2 capture from the PC and NGCC power plants are
summarized in Table 3. According to the dimensions of commer-
cially available ﬂuidized beds (Basu, 2006), the cross sectional areas
of the designed ﬂuidized beds are within the range of 36–110 m2,ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
resulting in a total unit number of only 2 for the given ﬂue gas ﬂow
rate and the adopted superﬁcial ﬂuidization velocity. This may lead
to a signiﬁcant savings in the capital investment comparing to a
similar scale power plant with a MEA  system as there are usually 4
Please cite this article in press as: Zhang, W.,  et al., Process simulations of post-combustion CO2 capture for coal
and natural gas-ﬁred power plants using a polyethyleneimine/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
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Fig. 3. Conceptual design of ﬂuidized bed systems for CO2 capture and adsorbent regeneration.
Table 3
Conceptual design data for each unit of adsorber and desorber in the CCS system.
PC Adsorber PC Desorber NGCC Adsorber NGCC Desorber
Number of units required 2 2 2 2
Bed  temperature (K) 343 403 343 403
Minimum ﬂuidization velocity Umf (m/s) 0.027 0.028 0.026 0.028
Terminal velocity Ut (m/s) 1.105 1.087 1.106 1.087
Superﬁcial velocity U0 (m/s) 3.87 0.111 3.87 0.111
U0/Ut (adsorber) or U0/Umf (desorber) 3.5 4 3.5 4
Total  actual gas ﬂow rate (m3/s) 278 (ﬂue gas) 7.1 (sweep gas) 434.4 (ﬂue gas) 4.0 (sweep gas)
Fluidization regime fast bubbling fast bubbling
Bed  cross-section shape square square square square
Cross-section dimension (m × m)  8.5 × 8.5 8 × 8 10.6 × 10.6 6 × 6
Bed  height (m)  50 26 50 31
Solid  static bed height (m)  5.9 6.6 2.5 7.8
Inventory bed mass (t) 295 295 196 196
Required bed pressure drop (bar) 0.43 0.49 0.20 0.56
Gas-solid contact time (s) 13 60 13 70
CO2 capture rate (%) 90 – 90 –
CO2 captured/desorbed in each unit (t/day) 4724 4724 2179 2179
Solid  circulating rate (kg/s) 911 911 504 504
Solid  ﬂux rate (kg/m2 s) 12.7 14.2 4.5 14.0
Mean solid residence time (min) 5.4 5.4 6.5 6.5
Heat  exchanged in each unit (MW)  118.1 165.4 50.4 76.6
Regeneration heat required (GJ/tCO2) – 3.03 – 3.04
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nits of CCS systems to meet the demand of the speciﬁc capturing
apacity (NETL, 2010).
The adsorbent particles in the CFB adsorber are ﬂuidized by the
ue gas itself with additional fans pressurising the ﬂue gas to over-
ome the pressure drop in the gas distributor, bed materials and the
yclone. The adsorber is operated in the regime of fast ﬂuidization
ith a high superﬁcial velocity to facilitate the mixing and reac-
ions between the adsorbent and the ﬂue gas. The bed height of the
FB adsorber is determined by the superﬁcial velocity and the gas-
olid contact time which is required to achieve the target of capture
fﬁciency. The cross sectional shapes of the CFB and BFB reactors
re designed as square for the ease of construction.
The capture efﬁciency is assumed to be 90% in the process design
s also used by other researchers (Heesink et al., 2013; Veneman
t al., 2013; Abu-Zahra et al., 2007; Yang and Hoffman, 2009;
irngruber et al., 2013). It had been previously demonstrated on
he bubbling ﬂuidized bed (Zhang et al., 2014b) that the capture
fﬁciency could be as high as 100% within a short gas-solid contact
ime of 13 s which is also adopted in the present conceptual design.
he inventory bed mass is a product of the solid circulating rate and
he mean solid residence time. The solid circulating rate gives an
ndication of how much used adsorbent is carried over to the des-
rber and at the same time how much the regenerated adsorbent
re returned to the adsorber. It is determined by how much CO2
eeds to be adsorbed in the adsorber and the working capacity of
he adsorbent.
The high temperature in the desorber is the main driving force
o release the captured CO2 from the adsorbent while the sweep
as promotes the desorption process to happen by ﬂuidizing the
dsorbent in the desorber. The ﬂow rate of the sweep gas is depen-
ent on the chosen ﬂuidization velocity. To minimize the additional
nergy required to drive and heat the sweep gas, the desorbers are
esigned to operate in the regime of bubbling ﬂuidization where
our times of minimum ﬂuidization velocity is used as the super-
cial velocity. The mean solid residence time in the desorbers is
ssumed to be the same with that in the adsorbers. The solid cir-
ulating rate required for a NGCC case is 504 kg/s, which is much
ower than 911 kg/s for a PC case due to the lower CO2 ﬂow rate in
he NGCC power plant ﬂue gas.
The regeneration heats for both PC and NGCC cases listed in
able 3 in the speciﬁc design are higher than those in Table 1 as
ifferent recovery strategies for heat of adsorption and different
nergy supplies for regeneration are used. Fig. 4 illustrates two pro-
osed options of heat recovery strategies for heat of adsorption and
nergy supplies for regeneration. Heat recovery strategy option 1
HR1) is deﬁned that the heat of adsorption (Qad) in the CFB adsor-
er is recovered (with a ratio of  = 0.25) by preheating a portion
f feed water so that the thermal energy input (Qf ) to the power
lant is reduced to Qf − ˇQad. The regeneration heat Qr,0 required
n the BFB desorber is deﬁned as:
r,0 = (1 − ˛)Qs + Qad + (1 − )Qv (2)
here Qs is the sensible heat requirement.
Qr,0 is supplied by the extracted steam from LP turbines in HR1.
eat recovery strategy option 2 (HR2) is deﬁned to recover the
eat of adsorption Qad (with a ratio of  = 0.25) by circulating the
ooling water as the heat transfer medium (HTM) from the CFB
dsorber to the BFB desorber. A dedicated boiler is required to pro-
ide additional heat to further increase the temperature of HTM to
he desorption temperature. Using HR2 can effectively reduce the
equired regeneration heat from Qr,0 to Qr,0 − ˇQad. However, the
edicated boiler in HR2 needs extra thermal energy input (Qf ’) andPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
roduces no additional electricity work which makes the overall
ower generation efﬁciency of the power plant with CCS no better
han the option HR1 where low grade steam is used as the energy
upply. More detailed analysis of the overall performance of using PRESS
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the dedicated boiler as the energy supply can be found in Popa et al.
(2011) and Bashadi (2010) and is not within the scope of this study.
Fig. 5 illustrates the breakdown of the regeneration heat orig-
inating from the sensible heat, heat of adsorption and moisture
evaporation. It is obvious that without any kind of heat recovery
(  ˛ =  ˇ =  = 0), the total regeneration heat for either the PC case
(4.79 GJ/tCO2) or the NGCC case (5.15 GJ/tCO2) is much higher than
the basic MEA  case (3.90 GJ/tCO2) and the advanced MEA case
(3.30 GJ/tCO2) (NETL, 2010), both of which include 90% of sensi-
ble heat recovery. Using HR1 and the speciﬁc conceptual design
proposed in this study, the total regeneration heat (3.03 GJ/tCO2
for the PC case and 3.04 GJ/tCO2 for the NGCC case) is noticeably
lower than the basic MEA  case and the advanced MEA  case. The
total regeneration heat can be further reduced to 2.49 GJ/tCO2 for
the PC case and 2.54 GJ/tCO2 for the NGCC case if HR2 is adopted.
It can also be found that the heat of adsorption makes the largest
contribution to the total regeneration heat while the recovery of
this portion of the low grade heat is most practically difﬁcult.
4. Process simulations of power plants integrated with the
proposed CO2 capture system
4.1. Efﬁciency penalty of a power plant with CCS
The net power plant efﬁciency is the most important and appar-
ent factor to assess the economic performance of a power plant with
and without the CCS system. For a power plant without CCS, it can
be deﬁned as the percentage of the total thermal energy input of
the feed fuel that is converted into electricity, as shown in Eq. (3):
 = Ee
Qf
= Eg − Eau
Qf
(3)
where Ee (MWe)  is the net power output of the power plant and
Qf (MWth) is the thermal energy input of the fuel, Eg (MWe)  is
the gross power output from turbines and Eau (MWe) is the total
auxiliary load including plant operation and consumption and the
transformer losses. It should be noted that all the values of  and
thermal energy input of the fuel in this study are LHV based.
There are two  rationales to evaluate the efﬁciency of a power
plant when a CCS system is integrated.
(i) Ee is ﬁxed to meet the end user demand while increasing the
feeding rate of fuel to compensate for the power output loss
incurred by the CCS system. Increasing the fuel feeding rate
may  require changing the dimension and capacity of the boiler
or lead to different steam conditions. Therefore this rationale
is more suitable for a new power plant to be built with CO2
capture;
(ii) Qf is ﬁxed while the net power output is re-evaluated when the
CO2 capture system is integrated. This rationale is more suitable
for retroﬁtting an existing power plant to integrate the CCS sys-
tem. It is also more applicable for NGCC case as the capacities
of NGCC power plants are determined by the ﬁxed outputs of
the commercially available gas turbines.
The PC case with the MEA  system in NETL (2010) used rationale
(i) while in this study the PC case with the PEI/silica adsorbent based
capture system uses rationale (ii). Rationale (ii) is used for the NGCC
cases in both NETL (2010) and this study.
For the cases where CO2 capture is integrated, the net plant
efﬁciency can be expressed as:
c c css simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
c = Ee
Qf
= Eg − Eau − Ecap − Ecom
Qf
(4)
where Ecap (MWe)  is the electrical energy required for the opera-
tion of the CCS system; Ecom (MWe)  is the electrical energy required
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wig. 4. Options of heat recovery strategies for heat of adsorption and energy supplie
nput; (b) HR2: heat of adsorption is recovered to reduce the regeneration heat.
o compress the CO2 product gas to the desired pressure for trans-Please cite this article in press as: Zhang, W.,  et al., Proce
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ortation and storage. Transportation and subsequent storage costs
f the CO2 product gas are not considered in this study following the
ame methodology of the NETL (2010). The gross power output Egc
ith CO2 capture is reduced compared to the original power plantregeneration (a) HR1: heat of adsorption is recovered to reduce the thermal energy
as the extracted steam from LP turbines is used to provide the ther-ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
mal  heat for the regeneration process. The thermal energy input Qf
is assumed to be effectively reduced by recovering a portion of heat
of adsorption using heat recovery strategy option 1 (HR1).
ARTICLE IN PRESSG ModelIJGGC-2085; No. of Pages 14
W.  Zhang et al. / International Journal of Greenhouse Gas Control xxx (2016) xxx–xxx 9
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
  NGCC
with HR2
PC with
   HR2
PC with
   HR1
R
eg
en
er
at
io
n 
he
at
 b
re
ak
do
w
n 
(G
J/
tC
O
2)
Moisture evap oration
Hea t of ad sorption
Sensible hea t4.79
3.03
2.49
5.15
3.04
2.54
PC w/o
   HR
NGCC
w/o HR
  NGCC
with HR1
Fig. 5. Regeneration heat breakdowns for PC and NGCC capture plants with and without heat recovery (numbers above columns indicate the total regeneration heat for each
case).
Table 4
Steam/water conditions and properties (data shown are for each unit of desorber).
PC NGCC
Saturated steam into BFB desorber
Pressure (bar) 5.069 5.069
Temperature (K) 425.4 425.4
Speciﬁc enthalpy (kJ/kg) 2748.7 2748.7
Mass ﬂow rate in the sweep gas (kg/s) 1.2 0.68
Mass ﬂow rate required for regeneration (kg/s) 79.9 37.0
Condensed water
Pressure (bar) 9.214 5.069
Temperature (K) 424.1 424.1
Speciﬁc enthalpy (kJ/kg) 637.3 636.8
Extracted steam from LP
Pressure (bar) 5.069 5.172
Temperature (K) 564.3 611.6
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Table 5
Turbine power outputs and gross plant power.
PC NGCC
LP turbine power output (MW) 235.6 (w/o)
150.7 (CCS)
102.2 (w/o)
55.7 (CCS)
IP turbine power output (MW)  172.8 60.4
HP turbine power output (MW) 180.7 46.9
Total steam turbine power output (MW) 589.1 (w/o)
504.2 (CCS)
210.0 (w/o)
163 (CCS)
Generator efﬁciency (%) 98.5 96.6
Gas turbine power (MW) – 362.2
Gross plant power (MW)  580.3 (w/o) 564.7 (w/o)Speciﬁc enthalpy (kJ/kg) 3046.4 3144.1
Mass ﬂow rate extracted for LP turbine (kg/s) 71.1 31.7
The efﬁciency penalty of a power plant with CCS compared with
he original power plant without CCS can then be deﬁned as the
ifference in net plant efﬁciencies:
 =  − c (5)
.2. Power plant output losses
The conditions and properties of steam and water used in
he proposed capture system are listed in Table 4. The steam is
xtracted from the cross-over pipe between the intermediate pres-
ure (IP) and LP steam turbine sections. The conditions of this
xtracted superheated steam (pressure, temperature) are the same
ith those deﬁned by the reference power plants (NETL, 2010).
 portion of the condensed water is recirculated to mix with and
ool down the superheated steam to the saturation condition. The
ain stream of the saturated steam enters the heat exchangers in
he desorber to provide regeneration heat while a small fractionPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
f the steam is ﬂashed to the lower pressure required for ﬂuidiz-
ng adsorbent particles in the BFB desorber and then it is fed into
he BFB desorber together with the recirculated CO2 to serve as the
weep gas. Power outputs of different steam turbines are also listed496.6 (CCS) 519.7 (CCS)
Gross plant power loss with CCS (MW)  83.7 46.4
in Table 5. Comparing with the cases without CCS, the integration
of the CO2 capture system has induced a power loss in LP turbines
due to the extraction of steam. The reduction in gross power output
is 83.7 MW for PC/CCS case and 46.4 MW for NGCC/CCS case.
The breakdown of power losses in Eq. (4), i.e. CO2 compression
power consumption, capture system auxiliaries’ power consump-
tion, LP power output loss resulted from steam extraction and the
original plant auxiliaries’ power consumption have been assessed
for PC/CCS and NGCC/CCS cases with the proposed capture system
and compared with the original power plant and the power plant
integrated with the advanced MEA  based system (NETL, 2010).
As illustrated in Fig. 6, for both PC and NGCC power plants, the
proposed CCS system has signiﬁcantly reduced the power losses
from LP turbines, owing to the smaller amount of extracted steam
required for regeneration of the solid adsorbent comparing with
the reference advanced MEA  cases. The calculated capture system
auxiliaries’ load for the proposed CCS system is however slightly
higher than the advanced MEA  system due to the higher demand
of electrical energy to drive the fans and circulate the solid adsor-
bent within the loop. It can also be concluded from Fig. 6 that all
NGCC cases with or without CO2 capture have much lower powerss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
losses than the corresponding PC cases. The total power losses for
NGCC PEI/silica case are comparable to the NGCC advanced MEA
case. The big difference between the PC advanced MEA case and
the PC PEI case is mostly due to the fact that the PC advanced MEA
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Fig. 6. Comparison of power losses for PC and NGCC power plants with and without the CCS system (*PC advanced MEA  case uses rationale (i)).
Table 6
Simulation results for PC power plants w/o  and with CO2 capture.
Power Plant data Spence® simulation by Veneman et al. (2013) NETL (2010) this study
w/o  MEA SAS w/o  MEAa PEI
Thermal energy input by coal (MWth) 2307.3 2307.3 2307.3 1400.2 1934.5 1321
Gross  plant power (MWe) 1116.7 935.9 1031.8 580.4 662.8 496.6
Plant  own consumption (MWe)  45.9 46.0 45.9 28.6 45.1 28.6
Transformer losses (MWe)  2.1 1.6 1.8 1.82 2.3 1.6
CO2 capture related electricity demand (MWe)  – 19.9 22.2 – 20.6 26.4
CO2 compression (MWe)  – 64.5 72.9 – 44.9 32.2
Net  plant power (MWe)  1068.6 804.0 889.0 550 550 407.9
Net  plant efﬁciency (%) 46.3 34.8 38.5 40.8 29.4 30.9
Relative efﬁciency penalty (%) – 24.8 16.8 – 27.8 24.2
Required extra thermal energy input (% of MWth) – 33.0 20.2 – 38.6 32.0
0.11 
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SCO2 emission rate (tCO2/MWh)  0.84 
a Net plant power is kept the same as original PC power plant only for this case.
ase in NETL (2010) uses rationale (i) where the fuel feeding rate,
s well as the gross power output, has been greatly increased.
.3. Efﬁciency penalty and comparison with reference data
The net plant efﬁciencies of PC and NGCC power plants with
he proposed CO2 capture system are assessed and the results are
ummarized in Table 6 (PC) and Table 7 (NGCC). Simulation results
f a PC and a NGCC power plant with CO2 capture by MEA  scrubbing
nd SAS (Supported Amine Sorbents) using Spence
®
software by
eneman et al. (2013) are also listed for comparison.
The net plant efﬁciency for the PC power plant integrated
ith the proposed capture system is 30.9% and the absolute efﬁ-
iency penalty is 9.9% comparing with the original PC power plant
ithout CCS. Using the advanced MEA  system as the capturing
echnology induces an efﬁciency penalty of 11.4% according to the
stimate by NETL (2010). Zhao et al. (2013a) had also reported a
0–14% decrease in the net plant efﬁciency for the optimized MEA-
ased absorption processes. According to a recent literature reviewPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
Rubin et al., 2015), the net plant efﬁciency penalties for supercrit-
cal PC plants with advanced post-combustion CCS technologies
ange from 7.7 to 11.9%. Whereas, a recent study by Supekar and
kerlos (2015) had concluded a much wider range of efﬁciency0.11 0.80 0.10 0.11
penalties from 11.3 to 22.9% for retroﬁtting a 650 MWe  subcritical
PC plant with the advanced MEA  based CCS system. The higher end
of 22.9% was derived under a strict representative scenario with
assumptions of 1) there is no heat recovery; 2) steam extraction
from turbine is not feasible thus a dedicated coal-ﬁred boiler is
needed to supply the regeneration heat; 3) additional devices and
associated energy input are needed for removal of ﬂue gas contam-
inants. The uncertainties arising from adopting different scenarios
have led to disputes (Herzog et al., 2016; Supekar and Skerlos,
2016). Further assessment of the efﬁciency penalty is needed to
eliminate the uncertainties by developing more advanced pro-
cesses and learning experiences from worldwide demonstration
CCS projects.
As the thermal heat input and the net plant power output are dif-
ferent for each case, a term of “relative efﬁciency penalty” is deﬁned
as “the ratio between the net efﬁciency penalty and the original
plant efﬁciency”. The calculated relative efﬁciency penalty for the
proposed capture system for the PC plant is 24.2%, comparing to
27.8% for the advanced MEA  system in NETL (2010). For the SASss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
case in Veneman’s simulation (Veneman et al., 2013), the efﬁciency
penalty was estimated to be 7.8%, which is lower than the penalty
of the PEI/silica based CCS system investigated in this study (9.9%).
The net plant efﬁciency of the proposed CCS system for the PC case
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Table  7
Simulation results for NGCC power plants w/o  and with CO2 capture.
Power Plant data Spence® simulation by Veneman et al. (2013) NETL (2010) this study
w/o  MEA SAS w/o  MEA  PEI
Thermal energy input by natural gas (MWth) 756.7 756.7 756.7 997 997 984.4
Gross  plant power (MWe)  452.4 408.2 431.1 564.7 511.0 519.7
Plant  own  consumption (MWe)  6.0 5.1 5.6 7.9 11.0 7.9
Transformer losses (MWe)  0.9 0.8 0.8 1.7 1.6 1.6
CO2 capture related electricity demand (MWe)  – 6.0 15.3 – 9.6 21.3
CO2 compression (MWe)  – 12.1 13.6 – 15.2 15.1
Net  plant power (MWe) 445.5 384.2 395.8 555 473.6 473.8
Net  plant efﬁciency (%) 58.9 50.8 52.3 55.7 47.5 48.1
Relative efﬁciency penalty (%) – 13.8 11.2 – 14.7 13.5
Required extra thermal energy input (% of MWth) – 16.0 12.7 – 16.2 15.6
CO2 emission rate (tCO2/MWh)  0.37 0.04 0.04 0.36 0.04 0.04
(a) Effect of  moisture adsor ption on net plant efficiency (b) Effect of wor king ca pacit y on net plant efficiency
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n this study is 1.5% (absolute) higher than the advanced MEA  sys-
em. As mentioned earlier in Section 2, we are using conservative
ut more practical assumptions for the adsorbent properties asso-
iated with a practical process such as the heat of adsorption and
he working capacities. Our measured data of heat of adsorptionPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
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re higher than most of the reported values. The more conservative
owever practical heat recovery strategy (HR1) of recovering the
eat of adsorption is also used in this study. These factors have led
o a higher regeneration heat of 3.03 GJ/tCO2 (PC) or 3.04 GJ/tCO2y for PC power plant integrated with the proposed CCS system (data point with a
(NGCC) comparing with 1.8 GJ/tCO2 estimated by Veneman et al.
(2013). The required extra thermal heat input in Tables 6 and 7 is
calculated on the condition that more fuel needs to be consumed
in order to maintain the net plant power output to be the same as
that of the original power plant.ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
The net plant efﬁciency for the NGCC power plant integrated
with the proposed PEI/silica based CCS system is 48.1% and the
absolute efﬁciency penalty comparing with the original NGCC
power plant without CCS is 7.6%, which represents 0.6% improve-
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ent in the net plant efﬁciency comparing with the advanced MEA
ystem in NETL (2010). By retroﬁtting CO2 capture facilities with
he target capture efﬁciency of 90%, the CO2 emission rates have
igniﬁcantly reduced from 0.80 to 0.11 tCO2/MWh  (PC cases) and
rom 0.36 to 0.04 tCO2/MWh  (NGCC cases). The CO2 emission rates
or NGCC cases are much lower than those for PC cases because of
he higher heating value of natural gas, the lower carbon intensity
f natural gas relative to coal, and the higher overall efﬁciency of
GCC power plants.
.4. Sensitivity analysis on the net plant efﬁciency
Due to the lack of investigations on the process-related param-
ters associated with a solid adsorbent based CCS system, it is
till difﬁcult to give an accurate estimation of the net plant efﬁ-
iency considering potential uncertainties involved in this study.
rom the parametric analysis of the factors affecting regeneration
eat (Zhang et al., 2016), working capacity and moisture adsorp-
ion were identiﬁed as the two most inﬂuential parameters. Their
ffects on the net plant efﬁciencies for both PC and NGCC power
lants with CCS are also evaluated in this study and the results are
llustrated in Fig. 7 (PC) and Fig. 8 (NGCC), where the net plant efﬁ-
iency for the advanced MEA  based system is used as a reference
or comparison.
Moisture co-adsorption in the CFB adsorber and its subsequent
aporization in the BFB desorber have a crucial effect on the over-Please cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
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ll regeneration heat and the net plant efﬁciency. However, only a
ew investigations (Quang et al., 2014; Veneman et al., 2015) have
ddressed this issue at the process level. The amount of adsorp-
ion, as well as the physical state of the moisture during adsorptionfor NGCC power plant integrated with the proposed CCS system (data point with a
and desorption, are still not completely understood. By assuming
that the moisture is adsorbed in liquid state in the adsorber and
desorbed totally in the desorber in vapour state, the effects of mois-
ture adsorption capacity on the net plant efﬁciencies for both PC
and NGCC cases have been evaluated as shown in Figs. 7(a) and
8(a), respectively. If the moisture adsorption capacity is higher than
5 wt% for the PC case or 4 wt%  for the NGCC case, the estimated net
plant efﬁciency for the solid adsorbent based CCS systems would
be no better than the advanced MEA  based system (NETL, 2010).
Therefore, the strategies that can restrict the moisture adsorption
in the adsorber or moisture vaporization in the desorber such as
surface modiﬁcations to enhance the hydrophobicity or control-
ling adsorbent residence times in the adsorber and desorber can
enhance the advantages of a solid adsorbent based CCS system.
High equilibrium CO2 adsorption capacities have been the main
target of the recent efforts on material development while the
working capacity of a speciﬁc solid adsorbent in a continuous
CO2 adsorption system has only been studied by a few groups
of researchers recently (Sjostrom et al., 2011; Zhao et al., 2013b;
Breault et al., 2016). Increasing working capacity can reduce the
required solid circulating rate which in turn reduces the required
regeneration heat, as well as the electrical energy to circulate the
solid adsorbent and therefore the efﬁciency penalty. Based on the
proposed system using the PEI/silica adsorbent, the estimated net
plant efﬁciency becomes lower than the advanced MEA  system if
the working capacity is lower than 4 wt% (Figs. 7(b) and 8(b)), which
might be regarded as the minimum requirement for a solid adsor-ss simulations of post-combustion CO2 capture for coal
e/silica adsorbent. Int. J. Greenhouse Gas Control (2016),
bent based CCS system to be more advantageous than the advanced
MEA  system. It should also be noted that, as revealed in Figs. 7(b)
and 8(b), the parabolic alike curves imply that further improvement
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n the working capacity can only gradually increase the net plant
fﬁciency.
The comprehensive investigation into a solid adsorbent based
O2 capture system at a process lever is still at its initial research
tage. It is noteworthy that the two most important process-
elevant parameters (working capacity and moisture adsorption) in
his study are subject to signiﬁcant improvements by the foresee-
ble technology developments. Under an optimal scenario which
an be achieved in the near future with potential enhancement of
% points in working capacity and 1% point reduction in moisture
dsorption, the net plant efﬁciencies for the proposed systems are
xpected to be 2.7% (PC case) and 1.9% (NGCC case) points higher
han the reference advanced MEA  systems.
As discussed earlier, the recovery of heat of adsorption in the CFB
dsorber is the most challenging task that can effectively reduce the
lant efﬁciency penalty. The ratio of heat recovery depends largely
n the available heat exchange facilities and optimized process
onﬁgurations. Current investigations on a speciﬁcally designed
rocess and system for solid adsorbents are very limited except for
hose published very recently (Kim et al., 2014a,b; Proll et al., 2016;
chony et al., 2016; Veneman et al., 2016). As shown in Figs. 7(c)
nd 8(c), even without any recovery of heat of adsorption (  ˇ = 0),
he net plant efﬁciency for either the PC or the NGCC case with
he proposed CCS system is still higher than or comparable to the
dvanced MEA  system. Improvement and optimization in the pro-
ess design with a higher recovery ratio (ˇ) of heat of adsorption,
uch as the multi-stage ﬂuidized bed system proposed by Kim et al.
2014b), can potentially result in a signiﬁcant increase in the net
lant efﬁciency.
Figs. 7(d) and 8(d) have also revealed that increasing the por-
ion of steam in the sweep gas from 25% to 100% only leads to a very
mall reduction in the net plant efﬁciency for either the PC or the
GCC case, which is due to the fact that the steam ﬂow rate required
or sweep gas use is much smaller than that for the regeneration
se (Table 4). This implies that using pure steam as the sweep gas
ight be a more promising regeneration strategy considering that
team regeneration will not cause severe problems of degradation,
n contrast to the regeneration strategy using CO2 as the sweep gas
Serna-Guerrero et al., 2010; Veneman et al., 2012; Hoffman et al.,
014; Gray et al., 2009; Li et al., 2010a). Apart from the material and
rocess development to achieve higher working capacity and lower
oisture adsorption, process related improvements and optimiza-
ion such as more energy efﬁcient recovery strategies are crucial to
urther minimize the plant efﬁciency penalty.
. Conclusions
Post-combustion carbon capture systems using ﬂuidized bed
echnologies and a PEI/silica solid adsorbent for a supercritical
50 MWe  PC and 555 MWe  NGCC power plants have been concep-
ually designed and the effects of integrating the carbon capture
ystem on the net plant efﬁciency have been evaluated by pro-
ess simulations. Based on the proposed heat recovery strategy for
he heat of adsorption and the CFB/BFB coupled carbon capture
ystem, the efﬁciency penalties have been estimated and com-
ared with the reference advanced MEA  system (NETL, 2010) and
nother solid adsorbent based capturing process (Veneman et al.,
013). The net plant efﬁciency of the PC and NGCC power plant
ith the proposed capture system is found to be 1.5% and 0.6%
oint higher than the reference PC and NGCC systems, respectively.
hese efﬁciency advantages of the proposed carbon capture systemPlease cite this article in press as: Zhang, W.,  et al., Proce
and natural gas-ﬁred power plants using a polyethyleneimin
http://dx.doi.org/10.1016/j.ijggc.2016.12.003
sing PEI/silica adsorbent have been obtained with the conserva-
ive nominated parameters assumed in this study. Improvements in
orking capacities and restriction of moisture adsorption in the CFB
dsorber, as well as development of more energy efﬁcient recovery PRESS
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strategies and process optimizations, are expected to be able to fur-
ther improve the plant efﬁciency. Under an optimal scenario with
improvements in increasing the working capacity by 2% points and
decreasing moisture adsorption by 1% point, the plant efﬁciencies
with the proposed capture system are 2.7% (PC) and 1.9% (NGCC)
points higher than the reference systems.
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